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Abstract Reducing overall water diversions for agri-

culture, while maintaining or increasing production to

keep up with increasing world population, has been

and will continue to be a challenge. Yet there is not

good agreement regarding the programs needed to

improve the productivity of agricultural water use, nor

what increases are feasible. It is recognized that field

irrigation is inherently nonuniform. So also is the dis-

tribution of water to users and water delivery service

nonuniform. Here, we suggest that crop-scale irrigation

uniformity can be examined at a project scale by

understanding how field, farm and project irrigation

systems contribute to nonuniformity. We also discuss

the interrelation between project scale uniformity and

the relative irrigation water supply, and their combined

impact on project productivity. We provide an example

which relates internal measures of project performance

(e.g., water distribution operations) and external

measures of project performance (e.g., project-wise

water productivity).

Introduction

In the past, there have been two major approaches to

evaluating the overall performance of irrigation

schemes: (1) its gross production or return on invest-

ment and (2) its efficiency of water use. In recent years,

the international Irrigation and Drainage community

has attempted to provide more useful performance

parameters (Bos et al. 2005; Molden et al. 1998; Ma-

lano et al. 2004a). Two major approaches to perfor-

mance evaluation have been to consider (1) how well

service is delivered, and (2) the outcomes of irrigation

in terms of efficiency and productivity of resource use.

These have been referred to as internal and external

performance, with internal or process indicators mea-

suring one, and external or output indicators measur-

ing the others. Recent work on performance

assessments have used both these for assessing (Bos

et al. 2005; Burt et al. 1999) and benchmarking per-

formance (Malano 2004b). It seems logical that the

quality of service delivery should be directly related to

outputs, but in fact, finding this relationship has been

elusive. This is important because if outputs are to be

improved, it is important to know what changes in

service or internal performance are required.

The water-delivery-service performance measures

deal with issues of adequacy, equity, and reliability. Is a

sufficient amount of water available to irrigate the

crops that are being grown? Are all water users pro-

vided with an equitable level of service and with their

fair share of water? Is water delivered when it is nee-

ded, and at the required flow rate and duration? Is

water effectively utilized within the project, or does

diverted water go unused? Does unused water cause

drainage or salinity problems? These are the type of
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issues addressed with these performance parameters.

In this discussion, we minimize the use of the term

irrigation efficiency since it typically does not have a

traditional interpretation. Inefficiently used water can,

in some cases, be reused or at least has partial value. It

is not always lost as implied by a traditional efficiency.

It is recognized that in some locations, rainfall provides

a significant amount of crop water requirements. The

irrigation water requirement is the crop water

requirement minus effective precipitation. Determin-

ing effective precipitation is not a trivial task, and in

some settings, irrigation practices make effective use of

rainfall difficult. This is an important issue, but is be-

yond the scope of this paper.

Water productivity deals with the amount of pro-

duction from either an area of land or based on an

amount of water input. Production can be in terms of

either mass of product or economic value. It is more of

a traditional efficiency: output per unit of input.

However, performance can be defined in terms of ei-

ther water consumed or water supplied, the difference

implying an efficiency of water use that may or may not

make sense. Here, we define water productivity as the

amount of production (mass or monetary value) di-

vided by the amount of irrigation water either supplied

to the project as irrigation or irrigation plus rain, or the

amount of water depleted by the project usually in

terms of evapotranspiration. In general when consid-

ering performance of an individual project with a goal

of increasing output within that project, supply is an

appropriate value in the denominator. When consid-

ering overall resource use in environments where there

is a limit on available water, consideration of ET be-

comes important. Formally, we would prefer to use the

increase in production over rainfed or dryland agri-

culture, but such estimates may be difficult to obtain.

In this paper, we primarily consider water productivity

in terms of supply, and discuss implications for overall

water consumption.

Recently, some studies have considered both inter-

nal and external indicators, but few (Hussain et al.

2003) have related internal process measures to water

productivity. Burt and Styles (2004) present a rapid

appraisal process (RAP) for evaluating irrigation pro-

jects. They provide many of the same external per-

formance indicators as Molden et al. (1998), they also

provide a series of internal performance indicators that

they place in several groups. These groups are: Water

Delivery Service, Main Canal Characteristics, Submain

Canal Characteristics, Budgetary, Employees, Water

User Associations, Pressurized Systems, and other.

Each contains indicators and subindicators. Each sub-

indicator is given a weight. During an evaluation each

subindicator is given a value based on the character-

istics of the system. Each subindicator has been as-

signed a weight, the weighted sum of the subindicators

then provides a score for each indicator. The score is

adjusted so that the maximum possible value is 10.0.

Burt and Styles (2004) evaluated 16 irrigation projects

with this process and used the results to determine

which factors were most correlated with the various

external performance measures. Additional investiga-

tion into the data collected from the 16 modernized

international projects did show a strong correlation

between the internal performance indicators and one

external indicator—relative yields (Styles and Marino

2002). These evaluations were primarily geared toward

identifying those aspects of the irrigation system that

were most in need of improvement.

While the work of Burt and Styles (2004) is an

important step forward, such evaluations do not really

quantify the mechanisms that cause water productivity

to be high or low. No correlations between various

internal indicators and water productivity were made.

In this paper, we attempt to develop a quantitative

approach for estimating the impact of internal perfor-

mance indicators on water productivity. We use data

from the RAP process (Burt and Styles 1999) to infer

water uniformity and then relate this to project pro-

ductivity. To our knowledge, this has not been done

before. We recognize that this is a complicated subject

and this crude example is a first attempt at this prob-

lem.

Water supply and water balance

The water supply required by an irrigated command

area is the sum of the water required by all crops on all

fields within the command plus water required for

other uses within the command area, for example to

meet domestic supplies, or ecological requirements.

The irrigation water supply required is the water sup-

ply required for the crop minus the effective precipi-

tation. This requirement is not the same every year

because the crops on each field may change from year

to year, effective precipitation changes from year to

year, and the evaporative demand for water by a given

crop changes from year to year because of differences

in the weather.

While effective precipitation is simple in concept, it

becomes difficult to determine in practice. Rainfall is

very irregular in both space and time. One part of a

field may receive twice as much as another part of a

field, or one field may get rain while a neighboring field

does not. The unpredictability of rainfall also makes
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the timing of irrigation difficult. Most farmers do not

have full control of their supply to every field, but in-

stead must rotate among fields. Also, distribution sys-

tems typically cannot deliver a full supply of water to

all users at the same time, and farmers must take turns

with their water. Some distribution systems also have

long travel times, so that water destined for one part of

a district may already be in route when a rainfall event

occurs. If there is nowhere to store this water, it must

be delivered or spilled. Moreover, effective precipita-

tion varies by scale, because at larger scales runoff

from rain within an irrigated area can be reused. Thus

effective precipitation, and its impact on irrigation

water productivity, is difficult to quantify in many

irrigation projects.

The effective use of both rainfall and irrigation

water are interdependent, yet we often only examine

the effective use of irrigation water. In extremely arid

areas, effective rainfall is a small component and has

little direct influence on irrigation performance. So for

the analysis in this paper, we ignore the interaction

between the effectiveness of precipitation use and

irrigation performance. Yet, a delivery system that is

not responsive to rainfall can result in very poor rain-

fall utilization. Thus delivery service quality could re-

flect both irrigation water and rainfall utilization.

One of the primary indicators used to determine the

suitability of the water supply for agricultural produc-

tion is the annual relative water supply (RWS), which

we define as:

RWS ¼ Total water supply

Crop water requirement
ð1Þ

The numerator includes both rainfall and irrigation

water. This differs from that defined by Murray-Rust

and Snellen (1993), in that we only include crop water

needs in the denominator. For examining the adequacy

of the irrigation water supply, the annual relative

irrigation water supply (RIS) can be used,

RIS ¼ Irrigation water supply

Crop irrigation water requirement
ð2Þ

These two indicators provide a general sense of

whether there is an adequate amount of water or

whether the amount of irrigation water supplied is

excessive. It is difficult to develop general conclu-

sions from these numbers without some understand-

ing of what occurs within the area. A more detailed

water budget can be used to determine the disposi-

tion of water within the project. In evaluating the

performance of a project, it is important to know

how much of the irrigation water is consumed by the

crop, ends up as groundwater, flows out as canal

spills or stream flow, is consumed for other purposes,

or is unproductively consumed within the project. It

also makes a difference if the unconsumed water that

leaves the project is available for use by others

downstream, is degraded in quality, or ends up in a

saline sink. This additional information is useful in

judging whether an RIS value substantially above 1.0

is bad (e.g., unproductive, wasteful of resource) or

not.

Productive output

Water consumption by a crop or within a cropped

field is not necessarily directly related to productive

output. For many crops (e.g., grains, grasses, fodder,

etc.), plant biomass is directly related to marketable

yield and plant biomass is often directly related to

water consumption. Severe water stress at different

parts of the growing season can cause variations in

such linear relationships. However, other crops (e.g.,

fruit and nut crops, vegetables, etc.) are very sensitive

to the timing of any water stress during the growing

season. Water stress at the wrong time can result in

total yield loss or substantial reduction in yield qual-

ity/quantity and thus value. Even within a part of a

field, an under-irrigated area may have unhealthy

plants that are not able to extract water from the soil.

Also, irrigation results in a wet soil and as a result,

sometimes significant soil evaporation. This could be

considered a within field yet non-productive con-

sumption of water.

For grains and biomass crops, productive output is

often measured in terms of mass or weight. Yet in

evaluating the economic viability of an irrigation pro-

ject, one has to be concerned with not just the mass of

production, but the value produced. Higher value crops

are often more sensitive to water stress, and are thus

more of a risk for the farmer. The risk associated with

the water supply is a major factor in determining the

mix of crops grown in many irrigation projects. This

risk is generally associated with the quality of the water

delivery service. Here again, external measures of

performance do not necessarily provide a complete

understanding of the limitations to production. It is

important to examine the internal working of the sys-

tem to understand why the project output is as it is.

Because of the importance of economic viability of

irrigation projects, we prefer performance indicators

related to crop value, such as, value of crops produced

per unit of irrigation water supplied.
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Delivery service

The flexibility and quality of delivery service are ex-

tremely important aspects of the economic viability of

irrigation projects. As discussed above, the selection of

crops is highly dependent on the ability to avoid

uncontrolled water stress in high-value crops. While it

is unlikely that all farmers within an area will change to

high value crops if delivery flexibility improves, there

will always be some who are just waiting for the

chance.

The flexibility of an irrigation water delivery sys-

tem is defined in terms of restrictions on the flow rate,

delivery duration, and frequency/timing of irrigation.

Replogle and Merriam (1980) developed classifica-

tions of delivery systems based on how these three are

restricted. At one extreme are demand systems where

farmers take water whenever they like. Generally,

these are restricted to a maximum flow rate due to

system capacity. At the other extreme are systems

with fixed division structures and rotation systems.

The most restrictive rotation is one where the rate,

duration and frequency are all constant and fixed

ahead of the irrigation season (e.g., a farmer gets 10 l/

s for 24 h on Tuesday every other week). Rotation

schedules have been devised that adjust the frequency

and duration for the expected changes in water de-

mand during the season. More common in developed

countries are arranged delivery schedules, where the

farmer orders water ahead of time. For example, the

farmer might request water for Thursday (8:00 a.m.)

for 48 h at 25 l/s. In such districts, water is typically

ordered from 1 to 5 days ahead of time. These

schedules also vary in the amount of flexibility al-

lowed during the schedule, for example adjustments

in duration or flow rate.

Restrictions in water delivery service almost always

result in excess drainage water. If the irrigators have

completed their irrigations and they have to continue

to take water according to the schedule, that additional

water is not used productively by the individual farmer.

If the schedule is fixed and the need for water is

uncertain, the farmer might order more water than

needed to assure an adequate amount, or might plant

less area unless another water source is available.

Farmers faced with water supply restrictions some-

times develop infrastructure to store and reuse drain-

age water. Examples include: pumping from drains and

the development of on-farm reservoirs to store water

supplied according to a restricted schedule so that they

can irrigate as needed. Other farmers have developed

groundwater wells to augment a surface supply that is

either inadequate or has delivery service restrictions.

Water delivery service is often described in terms of

adequacy, equity, and reliability (Molden and Gates

1990). Adequacy reflects the degree to which irrigation

water needs are met. It can be measured in terms of the

fraction of the area that receives an adequate supply or

the fraction of full supply received within this inade-

quately supplied area. Equity describes the degree to

which all farmers or land areas receive their share of

water and/or services. It is often described in terms of

the variation in the relative amount supplied, but

timing of water availability is also important. Reli-

ability reflects the consistency with which water is

delivered. Is it delivered at the proper rate, in the

proper amount, at the proper time? Does the flow rate

vary during the irrigation? Does water arrive at all? To

examine the impact of delivery service and available

supply on production, one has to start with an under-

standing of the variation that goes on within an irri-

gation project and the variation that goes on within an

irrigated field.

Irrigation uniformity

The key to understanding irrigation water productivity

is an understanding of the distribution of irrigation

water within a project. At the field level, the impor-

tance of irrigation uniformity and its influence on yield

and application efficiency are well known. Several

performance parameters are often used to describe the

distribution of irrigation water at the field level and are

useful for this discussion. First, the distribution uni-

formity (or more formally low-quarter distribution

uniformity) is defined as average amount in the quarter

area receiving the least water (not necessarily contig-

uous areas) divided by the average amount received.

For a normal distribution of values, this can be

approximated by

DUlq ¼ 1� 1:27CV ð3Þ

where CV is the coefficient of variation of water re-

ceived (typically infiltrated depths), or the standard

deviation divided by the mean. For CV = 0.2,

DUlq = 0.75. For CV = 0.1, DUlq = 0.87. When ap-

plied to the distribution of water to individual users,

this is akin to equity (i.e., parallel concept). It generally

includes water that infiltrates or is used directly, but

not water that runs off the field.

The adequacy of the low quarter, ADlq, is a measure

of whether or not the irrigation was adequate. It is

simply the maximum of the low-quarter amount or the

required amount, divided by the required amount. It
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has an upper limit of 1.0. If the low quarter value is less

than that required, ADlq will be less than 1.0. As an

adequacy measure, it is consistent with the low-quarter

criteria for determining the amount of water to apply.

However, even if the low quarter value equals the re-

quired amount, there may be some part of the field

under irrigated. The storage fraction, SF, is another

measure of adequacy, where SF is defined as the

average amount of useful water received (e.g., stored in

soil). This fraction is determined by integrating over

the field area the larger of the actual water received or

the required amount, and dividing by the amount re-

quired. In Fig. 1 with CV = 0.2, the low quarter

requirement results in roughly 10% of the field

receiving a deficit, on average 87.3 units. The resulting

storage fraction would be 10% · 87.3/

100 + 90% · 100/100 = 98.7/100 = 0.987. At CV = 0.1,

SF = 0.995 when the low quarter depth just meets the

requirement.

The distribution uniformity can be used to develop

an estimate of the potential application efficiency from

(Burt et al. 1997)

PAElq ¼ DUlqð1�ROÞ ð4Þ

where RO is the fraction of applied water that runs off

(i.e., does not contribute to the distribution of water

within the field). This can also be used to estimate the

amount of water to apply during an irrigation event.

The actual application efficiency, AE, differs from the

potential efficiency both because more water is applied

than is needed to meet the low quarter amount and

because, even if the low quarter amount is adequate,

some portion of the field may still be under irrigated.

The actual AE can be found from

AE ¼ SF
Required depth

Average depth applied
ð5Þ

Consider the example shown in Fig. 1. If the net

amount of water applied during an irrigation (amount

applied less runoff) is the same as that required (e.g., to

fill the soil water deficit), then because the distribution

of water is never perfect, half of the field will get too

much water while the other half does not get enough.

We show the water distribution as a normal distribu-

tion. While many individual factors that influence the

water distributions may differ from a normal distribu-

tion, when multiple factors are combined, the overall

water distribution often resembles a normal distribu-

tion (Clemmens and Solomon 1997). For the current

discussion, we ignore runoff. The normal response of a

farmer to this distribution of water is to apply more so

that a larger fraction of the field has an adequate

amount. In Fig. 1, with a coefficient of variation (CV)

of 0.2 (20%), we would have to add 134% of the re-

quired amount to provide an average in the low

quarter equal to the required amount (relative water

amount equal to 1.0). The coefficient of variation is the

standard deviation divided by the mean. Note that we

would have to add roughly 170% of the required

amount to provide 98% of the field with adequate

water. Because of this tradeoff in extra water versus

the amount in deficit, as well as other practical con-

siderations, satisfying the average of the low quarter of

the field has been a practical guideline in the US for

half a century. An alternative to adding extra water is

to improve the uniformity of water. By reducing the

coefficient of variation from 0.2 to 0.1, less water has to

be applied to satisfy the low-quarter criteria, where

only 15% extra water is needed, as opposed to 34%, as

shown in Fig. 2. Here also notice that when the uni-

formity is improved, the amount of deficit in the under-

irrigated area is less and the potential for water logging

and salinization is reduced. Application of these prin-

cipals to irrigation management is discussed in Clem-

mens (1991). One often unexpected result of improving

irrigation uniformity is that water consumption and

yield both increase because less of the field is under-

irrigated.

At this point, we have applied these concepts to a

single irrigation event. When one irrigates many times,

one might expect to be able to compensate for the

variation in amount during subsequent irrigations.

Unfortunately, the variation in infiltrated (or supplied

in the case of pressurized irrigation) depths over a field
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tends to be systematic. The same area that receives a

deficit during one irrigation usually has a deficit in

subsequent irrigations. There is some randomness, but

this is generally minor compared to the systematic ef-

fects. However, one can compensate for adding too

little water during one irrigation by irrigating sooner

the next time, provided that such flexibility is available

in the water supply. Excess water from over irrigation

often cannot be utilized, except perhaps through

drainage water recovery or groundwater pumping.

The systematic nature of irrigation system nonuni-

formity has important implications for yield. If the

same areas receive a deficit each irrigation, this amount

of deficit may be directly related to yield loss for many

crops. The same concept applies to areas of excess

water, where the same areas receive an excess amount

during each irrigation. This is further exacerbated by

topography and physical conditions that cause areas

with high water tables. Because of these systematic

effects, it is possible to have areas of water logging and

deficit irrigation both within the same field, consis-

tently. Because of these systematic patterns, we can use

the DUlq concept and apply it to determining yield

reductions based on irrigation uniformity and water

supply amount. SF then becomes an indicator of yield

reduction due to deficit. A similar yield loss associated

with waterlogging could be developed based on the

amount of excess (e.g., above some upper threshold).

Each field on a given farm also may receive a dif-

ferent amount of water during each irrigation, even

though the need for water is the same. For the time

being, this is ignored and we move up to the distribu-

tion system level.

Influence of water delivery on uniformity

Clemmens and Bos (1990) applied these irrigation

uniformity concepts to the distribution of water to

farms from the delivery system. In this case, each

portion of the area would be represented by a farm

rather than a part of a field. Some farms would receive

more water than needed, while others would receive

less. The amount of water delivery to the canal and the

coefficient of variation of the deliveries could then be

used to determine which farms received an adequate

supply, and the amount of deficit for those that did not

receive an adequate supply. This distribution unifor-

mity of supply is also an indication of equity.

A simple example is provided here for the distri-

bution of water to a command area with ten farms

serviced by one canal. For simplicity, we assume that

each farm has one field and all fields have a uniformity

of CVin-field = 0.2. We examine the results from one,

representative irrigation. If we follow the low-quarter

criteria and assume no runoff, from above we need to

apply 134 units of water if 100 are needed. If we as-

sume that the CV for water delivery is CVdelivery-vol-

ume = 0.10, then each farm will receive a different

amount of water. If we assign the water delivered to

each farm based on cumulative probability, the ten

farms get 111, 120, 125, 129, 132, 136, 139, 143, 148, and

157 units of water, respectively (rounded to nearest

unit), averaging 134 units. These values correspond to

the average values for the deciles for CVdelivery-volume =

0.1 shown in Fig. 3. With this amount supplied to each

farm/field, Fig. 3 shows the distribution of water within

each field. One can see that the distributions vary from
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the lowest curve (111 units supplied, not shown) with

32% of the field receiving an inadequate supply to the

highest curve (157 units supplied) with only 4%

receiving an inadequate supply. If we take the average

from each decile of each field and determine a standard

deviation, we get a value for the total project area of

CVproject = 0.213. The low quarter depth for the entire

command was 93.8 units, giving DUlq = 0.700.

From statistical (combination of variance) theory,

we would expect that the combined CVproject would be

found from (Clemmens and Solomon 1997)

CVproject ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CV2
in�field þ CV2

delivery�volume

q

ð6Þ

With CVin-field = 0.2 and CFdelivery-volume = 0.1, from

Eq. 6 we get CVproject = 0.224. These statistics give a

low quarter depth of 95.9 units and DUlq = 0.716. (The

likely difference between this value and that from the

numerical example above is that in the example, we cut

off the extremes by averaging over the lower and

higher deciles.) This example shows that when the

distribution from the field level is combined with the

distribution from the delivery system, the overall dis-

tribution of water is worse than the field uniformity by

itself, and it can be predicted by knowing the field and

delivery uniformity. In some cases, this may have direct

application to estimates of productivity.

The timing of water delivery also has an impact on

the appropriateness of the quantity of water delivered.

If the water arrives early and the same amount is

provided, more water, relative to the need, will be

supplied than if it had been on time. If the water ar-

rives late, it could cause water stress over a portion of

the field or it could result in insufficient water being

applied. While one could adjust the amount based on

the real need for water, practical experience suggests

that this is difficult to do. Figure 4 shows application

and irrigation efficiencies from an intensively moni-

tored field (Rice et al. 2001). Water was ordered by the

farmer as needed. Application efficiency is as defined

here. Irrigation efficiency is used as defined by Burt

et al. (1997) where the benefits (in this case ET) accrue

over time. Note that the actual AE values are quite

varied, at least partially, because the real demand was

changing while the irrigation applications remained

more-or-less the same.

The net effect of this is an overall increase in the

variability that is more of the area with deficit during

one irrigation and more area with excess during an-

other irrigation. In effect, it increases the coefficient of

variation of the field irrigations. Equation 6 can be

expanded to include the effect of poor timing, whether

caused by poor judgment by the farmer or caused by

restrictive delivery policies or inability of the delivery

system to deliver on time.

CVproject

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CV2
in�field þ CV2

delivery�volume þ CV2
delivery�timing

q

ð7Þ

where CVdelivery-timing is the coefficient of variation

caused by poor timing of irrigations. For example if

irrigation occurs roughly every 10 days, and the error

in timing has a standard deviation of 1 day, then

CVdelivery-timing is 0.1. The combined influence of

delivery volume and timing can be considered

CVdelivery.

Influence of uniformity on yield

Doorenbos and Kassam (1979) suggest that for many

crops, yield is directly related to water consumption

(i.e., linear). However, the yield per unit of water

consumed for a given crop is dependent both on the

crop variety and the climate. For that reason, they

express yield per unit of water consumed relative to the

maximum yield, and associated maximum water con-

sumption. Solomon (1983) examined various functions

to describe yield as a function of available water. These

included both the rising portion where yield increases

as available water increases, and also the decrease in

yield when water was in excess. For simplicity, we can

approximate these relationships with a trapezoid, as

shown in Fig. 5. When applied to our concern for

irrigation uniformity, clearly the amount applied

does not exactly match Solomon’s meaning of water
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available, which itself is not always clear. Excess water

infiltrated into one soil may percolate through and not

have a negative influence on crop growth, while in

another soil, this same amount of water might cause

water logging. Thus the declining limb for water excess

must be considered much more site specific than the

limb for water deficit. Both are influenced by crop

variety and climate.

For the examples given in this paper, we use the

middle curve in Fig. 5, where relative yield is related to

relative water available by the following expression:

Y ¼ D for D � 1

Y ¼ 1 for 1 � D � 1:8

Y ¼ 1� ðD� 1:8Þ=0:9 for 1:8 � D � 2:7

Y ¼ 0 for D � 2:7

ð8Þ

where Y is the relative yield and D is the relative

amount of water available. Alternative yield reductions

from over irrigation are shown as dashed lines.

For a given set of conditions and assuming an

‘‘average’’ distribution of water from irrigation (i.e.,

some average or aggregate uniformity and applied

amount relative to need), the relative yield for a field

(or farm) can be obtained by integrating the yield

function (Eq. 8) with the relative irrigation water dis-

tribution from one of the curve in Fig. 3.

Yf ¼
Z

A

Y dA ¼
Z

A

Y½DðAÞ�dA ð9Þ

where Yf is the relative yield for the field, where Y[D]

is found from Eq. 8 and D(A) is found from the dis-

tribution of water (e.g., from curve in Fig. 3). The

relative yield for the entire distribution area can be

found by summing the yield derived from each of these

curves.

Observed values of uniformity

Burt et al. (1999) report practical, attainable values of

potential application efficiency for various irrigation

systems. These vary from less than 50% to roughly

90%. Practical experience suggests that values above

90% are hard to attain for any type of irrigation sys-

tem. In essence, this limitation is the result of the

practical limit on distribution uniformity. DUlq values

above 0.9 (or 90%) are hard to attain consistently over

time. Even though microirrigation systems can be de-

signed for DUlq > 0.9, field evaluations show average

DUlq values in the range 0.7–0.85, or not much dif-

ferent from other irrigation methods. The range of

values for practical, attainable application efficiencies

vary with the sophistication of the irrigation method

and the degree of management effort, including

maintenance. Attainable PAElq values range for sur-

face methods from 40 to 90% (higher values imply

runoff recovery), for sprinkler systems 60–90%, and

microirrigation 80% to above 90%, with reductions for

poor management and maintenance.

Lamacq et al. (1996) suggest that farm constraints,

such as canal capacities, crop mix, and farm labor can

reduce the ability of farmers to apply modern irrigation

scheduling and can reduce the overall potential appli-

cation efficiency. The issue is that the needed timing of

irrigation water, field by field, does not always match

what is practical. Farmers tend to irrigate fields in a

given sequence regardless of the real demand for wa-

ter. This can result in over irrigation of one field while

another is under water stress. A similar situation occurs

when each quaternary unit has a different owner. The

issue is not a distribution uniformity issue, but one of

imperfect timing of irrigation events.

Palmer et al. (1991) collected water delivery data

from two lateral canals within a flexible water delivery

system in Arizona, USA. They measured flow contin-

uously and determined the average flow rate, duration

and volume for individual delivery events (to tertiary

units) and compared it to the requested flow rate,

duration and volume. The average ratio of actual to

intended flow rate was 0.96, meaning the delivered flow

rate was on average 4% less than ordered and deliv-

ered volume was 98% of that ordered. The standard

deviation of the ratio of actual to intended flow rate,

duration and volume were 0.28, 0.19, and 0.31,

respectively. (These values were not reported, but were

taken from their data.) The variation was somewhat

random, such that individual outlets were not system-

atically shorted or over supplied. This would reduce

the seasonal variation, but a value was not reported.

They also found that even for this flexible system,

0

0.2

0.4

0.6

0.8

1

1.2

0          0.5          1          1.5         2           2.5          3

Relative Water Available

R
e

la
ti

v
e

 Y
ie

ld

Fig. 5 Influence of water availability on yield

254 Irrig Sci (2007) 25:247–261

123



capacity constraints resulted in 28% of deliveries that

were outside the plus or minus 1 day from that or-

dered, the stated objective of the district. They aver-

aged 1.5 days late.

For any statistic, if it is observed more than once, the

random errors tend to be reduced, namely

CV2
net ¼

CV2
observed

n
ð10Þ

where n is the number of observations for a process

with random variability. If the variability is caused by

systematic conditions, then the observed variance

cannot be reduced (i.e., n = 1 regardless of number of

observations). In our example above, if CVobserved =

30% and there are nine observations, application of

Eq. 10 gives CVnet = 10%. In reality, there are both

random and systematic components to the variability,

so perhaps 15% would be a more realistic estimate.

Bos et al. (1991) reported on the seasonal volume

delivered to various tertiary units of the Viejo Retamo

project in Argentina. They reported the ratio of in-

tended to actual volumes (the inverse of that reported

by Palmer et al. 1991), which average 1.36 (or an actual

volume that was 74% of the intended volume). The

additional water required for irrigation was supplied by

groundwater pumping, which can offset the variation in

surface water delivered. The standard deviation of the

intended to actual volume was 0.64. This large standard

deviation resulted from extreme values from 2 or 3

tertiary units. (With such a large standard deviation,

simple statistics based on a normal distribution are

problematic because values cannot fall below zero,

while the normal distribution goes from minus infinity

to positive infinity.) With such large variations, it is

unclear whether the differences can be made up en-

tirely from pumping groundwater.

Relating efficiency and uniformity to productivity

It is clear that if the distribution of infiltrated or

available (within soil) water can be estimated, one can

use a relationship like the one presented in Fig. 5 to

determine yield. The idea presented here is to break

down the factors that influence the distribution of

water within an irrigation project so the impact of each

of these factors on productivity can be estimated. If

there is no runoff and if the timing of irrigation is never

late or early, then we can combine the variability at

various levels within the system with Eq. 6, compute a

distribution uniformity with Eq. 2. Then based on the

relative water supply, we can determine a distribution

of water relative to the needed amount. This can then

be used to determine yield by application of Eq. 9,

based on the relationship given in Eq. 8 and the net

distribution (project wide) of water.

For example, suppose CVin-field = 0.20, CVdelivery =

0.1. Equation 6 gives CVproject = 0.224. Equation 3

gives DUlq = 0.716. Without runoff, this gives

PAElq = 72%, or a needed RIS = 1.40 (1 divided by

0.716). If we use the distribution of water defined by

these statistics with the yield relationship in Eq. 8, we

get the distribution of relative yield over area shown in

Fig. 6. If we integrate over area, we get an average

relative yield of 0.97. (Integration used increments of

0.5% of area for first 2.5% on either end, and 2.5%

increments for the rest of the range.) Note that there is

some yield loss due to both water deficit and water

excess. Further, if we supply only the average amount

needed, we get a substantial yield decline due to deficit

irrigation, as shown by the curve for RIS = 1.0, and we

get no yield decline due to excess water. Integration

gives an average relative yield of 0.91. Conversely, if

we apply more than adequate water (RIS = 1.7), we

get almost no yield reduction due to deficit, but sub-

stantial yield loss due to excess water, with an average

relative yield of 0.90.

For this scenario, the appropriate value of relative

water supply could be determined based on maximiz-

ing average production. This then is a function of both

the uniformity of irrigation water distribution over the

project and the relative yield function for both deficit

and over irrigation. The intent of this paper is not to

propose maximization of production, but rather to

understand the various factors that contribute to yield

and productivity. This simple example ignores field

runoff, distribution-system spills, the timing of

water availability (both excess and deficit), effective

precipitation, supplemental irrigation with wells,
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variability in the water–yield relationship, a mixture of

crops, etc.

Use of the RAP for estimating water variability

and relative yield

Burt and Styles (1999) developed a process for evalu-

ating the performance of an irrigation project in sup-

plying water to agricultural water users, called the

RAP. A whole series of indicators are used to evaluate

a variety of factors that influence water delivery per-

formance. They collect data on external indicators

(water supply, yield, etc.). They use questionnaires to

infer internal process indicators, or indicators that

suggest the quality of internal processes. An excellent

summary is provided in Burt and Styles (2004). They

use correlation to try to relate these internal process

indicators to external performance. While in general

this is a useful approach, it can lead to misleading

conclusions when taken out of context.

Take for example the results taken from Cakmak

et al. (2004) shown in Fig. 7, which gives the total an-

nual value of agricultural production divided by crop-

ped area as a function of the number of staff involved

in operation and maintenance divided by the total

command area. This is the best linear relationship

found for any of the performance parameters from

their data. From this one might conclude that sub-

stantial productivity gains could be made by reducing

the number of employees. More likely, there are other

factors here that are not represented in the data col-

lected, such as size of land holdings per farmer, prior

investment in infrastructure, etc.

In the example that follows, we propose to take the

internal performance indicators developed through the

RAP, use these indicators to assign statistical values,

and then use the statistical relationships developed in

this paper to determine the impact on production. It

would then be possible to determine the impact of

changing each factor on productivity and overall pro-

ject performance. It is recognized that accurate appli-

cation of this concept would take significant research,

time, and expense. For this example, we use only four

of the many RAP indicators. However in this paper, we

are simply developing the general methodology. If

these concepts can be successfully applied, one would

be able to understand the impact that various changes

in farm irrigation and water delivery practices would

have on productivity, and as a result, be able to pri-

oritize improvements based on cost and benefits.

The RAP process applied to performance of an

irrigation project examines internal performance at

various levels within a project. They do not deal with

in-field/farm performance. They start with service to

individual fields, move upstream to effective control

and measurement locations, then to sub-mains and

main canals. The primary internal performance indi-

cators that deal directly with delivery performance are

given in Table 1. At each level, the RAP process de-

fines performance parameters and assigns values based

on observations. In our previous discussion of project

wide uniformity, we discussed only in-field variability

and variability of water delivery. The variability of

water delivery can be broken down by the various

levels within the delivery system, using the same

combination of variance techniques. The resulting

equation is

CV2
project ¼ CV2

in�field þ CV2
to�fields þ CV2

to�tertiary

þ CV2
to�secondary þ CV2

to�mains

ð11Þ

where CVproject is the coefficient of variation of the

small-scale variability of water distribution for the

entire project, CVin-field is the coefficient of variation

for traditionally measured field irrigation systems,

CVto-fields is the variability in the volume and timing of

water delivered to individual fields within a tertiary

unit, CVto-tertiary is the variability in the volume and

timing of water delivered to tertiary units within a

secondary unit, CVto-secondary is the variability in the

volume and timing of water delivered to secondary

units within a main unit, and CVto-mains is the vari-

ability in the volume and timing of water delivered to

main units within a project. This equation does not

require any particular form of water distribution (i.e., it

does not require the assumption of a normal distribu-

tion). Note that CVto-fields is the variability within one
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tertiary unit, while CVdelivery, defined earlier, is the

variability across all tertiary units.

In order to use the information from the RAP, we

must determine which RAP indicators are related to

the uniformity of water distribution and how best to

describe this mathematically. There are several po-

tential approaches since the data is somewhat qualita-

tive. Table 2 shows how the first performance indicator

is broken down into sub indicators. These sub-indica-

tors deal with flexibility, reliability, equity, and mea-

surement/control. Each sub-indicator is given a score

from zero (worst) to four (best) based on responses to

interview questions and somewhat subjective judg-

ments (but by a professional trained in RAP tech-

niques). These scores are then weighted relative to one

another, and the result adjusted to fit a scale from zero

to ten. One approach would be to assign a value of CV

for each internal indicator based on this aggregate

score. However, we are also faced with which indica-

tors to use and whether they should be equally

weighted in their effect. Ideally, all indicators that

influence the distribution of water at a given level

would be aggregated, giving one CV for that level

within the system. Note that even for the indicators in

Table 1, there are two indictors at each level (e.g.,

actual and stated service). The remaining indicators (31

total), not shown, provide additional information, pri-

marily at the sub-main and main levels.

For this paper, we will use only indicators I-1

through I-4 to describe water distribution. We define

the following relationship between the RAP scores and

the coefficient of variation for each indicator. This is

based on subjective judgments about the amount of

variation that might result from systems with various

scores. The coefficient of variation for each indicator is

given a range of 2% for a perfect 10 score and 20% for

a score of 0, with linear variation in between, namely,

CVto�fields ¼ 0:02þ 0:18ð10� ScoreI�1Þ=10

CVto�tertiary ¼ 0:02þ 0:18ð10� ScoreI�2Þ=10

CVto�secondary ¼ 0:02þ 0:18ð10� ScoreI�3Þ=10

CVto�submains ¼ 0:02þ 0:18ð10� ScoreI�4Þ=10

ð12Þ

where ScoreI–1 is the RAP composite score for internal

performance indicator I-1. If appropriate, one could

aggregate other indicators and sub-indicators (e.g.,

combining I-1 and I-5 since they both deal with to-field

delivery performance). Just adding additional CV val-

ues for each indicator is probably not appropriate.

To obtain measures of overall productivity, we must

also include the farm irrigation efficiency and unifor-

mity. Rough estimates for general categories are given

in Table 3. Note that this also includes runoff losses.

These losses influence the relationship between the

total amount of water supplied to the project (or at any

level) and the resulting distribution of water and yield.

Unfortunately, estimates of runoff are not independent

of the amount of water available and other details of

the soils, topography or infrastructure. For example, an

irrigation system that has 15% runoff when supplied

with 1.4 times the water needed by the crop, might

have no runoff at all if only 50% of the needed water

was supplied. Runoff can also be related to the uni-

formity of irrigation. Thus the amount of runoff (or

system spills) at each level in the distribution system is

a function of the relative amount of water. For now, we

assume that these runoff or spill fractions are constant.

If runoff or loss is expressed as a fraction of the

incoming supply at each level, then the relationship

between the amount of water infiltrated (available for

crop production) and the incoming supply is where

Table 1 Internal
performance indicators for
the RAP process that deal
with delivery performance

No. Indicator

I-1 Actual service to individual fields based on traditional irrigation methods
I-2 Actual service to average point of effective differentiation (to tertiary unit)
I-3 Actual service to average point of deliberate Q differentiation
I-4 Actual service by main canals to subcanals (submains)
I-5 Stated service to individual fields based on traditional irrigation methods
I-6 Stated service to average point of effective differentiation (to tertiary unit)
I-7 Stated service to average point of deliberate Q differentiation
I-8 Stated service by main canals to subcanals (submains)
I-9 Lack of anarchy index
...I-31

Table 2 Sub indicators for performance indicator I-1

No. Indicator

I-1A Measurement of volumes to field
I-1B Flexibility to field
I-1C Reliability to field
I-1D Apparent equity
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Spill is the fraction of incoming water that is spilled by

that part of the system and not recovered for use within

the project and RO is the fraction of water supplied to

the field that runs off and is not reused. A rough sub-

jective estimate of spills for each level is from 2 to 15%

of the incoming supply, or

Spilltertiary ¼ 0:02þ 0:13ð10� ScoreI�2Þ=10

Spillsecondary ¼ 0:02þ 0:13ð10� ScoreI�3Þ=10

Spillmains ¼ 0:02þ 0:13ð10� ScoreI�4Þ=10

ð14Þ

The values given by Eqs. 12 and 14 are entirely sub-

jective and simply provide relative values that are

within the range we would expect from our experience.

Example: application to RAP data

Burt and Styles (1999) provide data on the RAP ap-

plied to 16 irrigation projects from various parts of the

world. Weighted values of indicators (scores) were

taken for indicators I-1 through I-4 for each of the 16

projects. On-farm irrigation systems were not evalu-

ated as part of the project. Only one project had less

than 98% of its land under surface irrigation. From

Table 3, we use values for traditional, poorly operated

and maintained systems. We used Eqs. 12 and 14 to

estimate the coefficients of variation and spills at the

various distribution-system levels. Then the project

coefficient of variation, CVproject was computed from

Eq. 11. Then, we used Eq. 3 to estimate the yield-scale

distribution uniformity of water within the project,

DUlq-project. We used the dry-season RIS as an estimate

of RISproject, and used Eq. 13 to estimate the relative

amount of water supplied at the field level. With

CVproject from Eq. 11 and RISin-field from Eq. 13, we

computed a distribution of water from which we

determined the amount of deficit irrigation, described

in terms of the storage fraction (SF).

Several methods were used to estimate the project

irrigation efficiency. One estimate of IE simply divides

the storage fraction by RISproject, which is parallel to

the concept of Eq. 5. A more conservative estimate

would be to use DUlq-project, and adjust it for runoff and

spills by the ratio of RISin-field to RISproject. These

estimates of project efficiency are shown in Fig. 8 rel-

ative to the values reported as external indicators. It is

not clear from Burt and Styles (1999) how IE is com-

puted from their data. Also, the values computed here

include internal indicators, but the computed value is

still dominated by the dry-season RIS value. Still, just

computing IE based on dry-season RIS gives a much

poorer fit. The main outlier in this data is for a project

where the reported IE value is 99%. Here, we did not

adjust our runoff and spill estimates to account for a

significant under application of water. Still, there must

be some nonuniformity of distribution that would re-

duce the estimate of efficiency. If we use our estimates

of distribution uniformity with no losses, we get a value

closer to 99%, as shown in Fig. 8.

Many of the projects evaluated by Burt and Styles

(1999) included rice as a significant crop, based on how

Table 3 Coefficient of variation and additional losses for various
irrigation methods

Irrigation method CVin-field Losses

4—Modern-well operated/maintained 0.05 5
3—Modern-poorly operated/maintained 0.1 10
2—Traditional-well operated/maintained 0.15 15
1—Traditional-poorly operated/maintained 0.2 20
0—Wild flooding 0.25 25

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

IE as RAP external indicator

 sr
otaci

d
ni la

nret
ni 

m
orf 

EI
)

n
osaes yr

d(

based on DUlq

1:1 

based on SF

DUlq No losses

SF no lossses

Fig. 8 Values of irrigation efficiency (IE) reported as an
external RAP indicator and computed from internal indicators
I-1 through I-4 and dry season RIS. Based on data from Burt and
Styles (1999)

RISproject ¼
RISin�field

ð1� SpillmainÞð1� SpillsecondaryÞð1� SpilltertiaryÞð1�ROfieldÞ
ð13Þ

258 Irrig Sci (2007) 25:247–261

123



these projects were selected by the World Bank for

inclusion in the study. Yield losses due to overirriga-

tion of rice are not significant compared to overirri-

gation (and water logging, salinization, etc.) of other

non-paddy crops. Further information of yield de-

creases due to over irrigation would be difficult to

develop for these projects as a general group. For these

reasons, no yield reductions were considered for ove-

rirrigation. However, yield reductions for under irri-

gation were considered a linear function of the amount

of deficit. Relative yields were determined for the

project water distributions described above. These are

shown as a function of output per cropped area in

Fig. 9. Clearly, those projects with insufficient water

(or poor distribution of water), such that the water

distribution did not produce maximum relative yield,

had lower output. The one exception to the trend is,

again, the project that was given a 99% irrigation

efficiency. Even when no losses were considered, rel-

ative yield (dry season) was still low while the project

output was relatively high. Even with adequate water,

as suggested by relative yield of unity, there is nearly a

three to one range in project output, suggesting that

other factors influence output, and perhaps relative

yield.

These results are not sufficient to confirm either the

approach or the coefficient values given as rough esti-

mates (i.e., Table 3 and Eqs. 12–14). Certainly, a much

more detailed look at specific projects would be

needed to provide verification. The analysis here has

focused primarily on the variability over the project,

whereas the supply of excess water can quickly hide

this variation. One indicator of performance not

discussed is the low-quarter value of water amount

divided by the required water amount. This ratio can

be computed as the product of DUlq and RISin-field

(average amount is the denominator in one and the

numerator in the other). It reflects both adequacy, and

to a lesser extent uniformity.

The results for project output ($) per unit of land

area and per unit of water consumed are shown in

Figs. 10 and 11. Two data points in Fig. 10 do not fit

the trend. The first is the point in the left center of the

graph. Here, the low quarter value is less than half that

required, yet output is high. This is the 99% efficiency

value that was discussed above. The other point toward

the top of the graph and left is the one project with a

significant amount of sprinkler and microirrigation.

Where such irrigation systems exist, water delivery has

to be improved, or on-farm reservoirs or groundwater

used to control water application. We did not adjust

any of these parameters, since we do not know enough

details about this project. Since this project is so dif-

ferent, one might expect our computed performance

measures not to accurately reflect output. When these

two outliers are removed, the bet fit line was found

from linear regression, as shown in Fig. 10. The best fit

line had an R2 of 0.79 and suggests that output $/

ha = 250 + 619 DUlq-project RISin-field. These points do

not look like outliers when plotted in terms of pro-

duction per unit of water use (Fig. 11), although they

are on the high side of the scatter of points. With all

points included the best fit line to this data has an R2 of

0.39 and suggests that output $/m3 = 0.107 + 0.126

DUlq-project RISin-field.

We can also examine production in terms of the

total water supply. Here, we define the effective rela-

tive water supply as the effective relative irrigation

water supply (DUlq-project RISin-field) plus the difference

between the relative water supply and the relative
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irrigation supply (RWS–RIS). The results are shown in

Fig. 12. The correlation here is slightly better when

rainfall is added (R2 = 0.51), and the two outliers in

Fig. 10 are not outliers in Fig. 12.

Discussion

The main idea behind the approach is to determine the

potential change in project performance resulting from

specific improvements in the water delivery system. In

general, one wants to improve output without

increasing the relative water supply, or keep output the

same while reducing the relative water supply. As

discussed above, when the uniformity increases (CV

decreases) the actual water consumption (and yield)

can increase even though less water is supplied. Given

the relationship from Fig. 10 with RISproject constant,

output should go up if either losses go down (Eq. 13)

or the distribution uniformity (Eq. 3) goes up, which

requires that CVproject (Eq. 11) goes down.

The last of the sixteen projects reported by Burt and

Styles (1999) has output of 772 $/ha with a dry-season

RIS of 1.9. Based on the calculations here, we get

DUlq-project = 0.696 and RISin-field = 1.29, with the

product of DUlq-project RISin-field = 0.896. Using the

best fit equation, we get 804 $/ha, or just slightly more

than observed. Now suppose we have the same project

supply, but we improve the RAP score for I-4 from

7.08 to 10.0. This changes the CVsubmain from 0.072 to

0.02 and Spillmain from 0.058 to 0.02. From Eq. 13,

RISin-field would become 1.34. From Eq. 11, CVproject

would change from 0.240 to 0.229 and from Eq. 3,

DUlq-project would change from 0.696 to 0.709. This

would give DUlq-project RISin-field = 0.950. Based on the

slope of the best fit line, this would increase output

from 772 to 805 $/ha. One would then have to judge

whether the cost of improvement would be justified by

the change in output, assuming one can judge what

improvements would be needed to raise the RAP

score.

It should be recognized that the estimates of benefits

are relative, and based on the subjective estimates of

the relationship between RAP scores and both distri-

bution uniformity and spills. The examples are meant

to be illustrative and not to infer exact numerical val-

ues. Further, the analysis only used 4 of the 31 RAP

indicators. Methods for incorporating more of these

indicators might improve the relationships presented.

However, these RAP indicators are subjective and

refinement of the relationship between indicators and

performance may be difficult.

It is also important to note that improving the score

for one internal performance indicator may have a very

small impact on overall performance, as in the example

above. This is because of the way irrigation uniformity

values get combined (i.e., project level PAElq from

DUlq from CVproject is primarily from square root of

sum of squares of deviations from perfect, in terms of

component CVs). We believe that this is an accurate

reflect of the situation in real project. Substantial

improvements are not possible by making big

improvements at only one level within the system.

Physical or management improvements may need to be

made at all levels before substantial improvements in

performance can result. This also helps to assure that

improvements at each level are compatible with

improvement at other levels. The relative RAP score

may suggest the level within the distribution system

where improvements will have the most initial impact

(e.g., the one with the lowest score).
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Fig. 11 Effect of irrigation adequacy and uniformity on project
output in $/m3 of water (R2 = 0.39). Based on data from Burt and
Styles (1999)
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Fig. 12 Effect of relative water supply (irrigation and rainfall)
on project output in $/m3 (R2 = 0.51). Based on data from Burt
and Styles (1999)
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Conclusions

A method is developed whereby one can determine the

variation in water available to crops over a project at a

yield-related scale by examining the variability of wa-

ter supplied at different levels within a distribution

system. Further, with estimates of spills at various

levels within the distribution system and farm, one can

relate the relative project water supply to the relative

in-field water supply. For simple yield–water relation-

ships, the variability of water available within a project

(DUlq-project) and the relative field-level water supply

(RISin-field) can be shown to be related to total yield.

An example is provided where data from the RAP

was used to infer the distribution of water (DUlq-project)

and the ratio of project to in-field relative water supply

within 16 projects. It was shown that a relative indi-

cator of adequacy (based on DUlq-project times RISin-

field) was directly related to project output in $/ha or $/

m3 of water. Extrapolation of these results could be

used to estimate the benefits (in $/ha or $/m3) of

improving levels of service, based on improving RAP

scores. While further research is needed to evaluate the

appropriateness of this approach, it could provide a

rational method for estimating the impacts of various

water management practices and the benefits from

improving those practices.
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